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A b s t r a c t  

New f requency  c a l i b r a t i o n  t a b l e s  a r e  r e q u i r e d  t o  keep a b r e a s t  o f  t h e  r e s o l u t i o n  a t t a i n a b l e  by  c u r r e n t l y  
a v a i l a b l e  tunab le  l a s e r s .  One key t o  t h e  g e n e r a t i o n  o f  t a b l e s  w i t h  r e q u i s i t e  accuracy  i n v o l v e s  accu ra te  
he terodyne f requency  measurements; ano the r  key c o n s i s t s  o f  r e l i a b l e  f i t t i n g  and a n a l y s i s .  Coord ina ted  
a c t i v i t y  i n  NBS i n v o l v e s  s e l e c t i o n  o f  s u i t a b l e  m o l e c u l a r  c a l i b r a t i o n  cand ida tes ,  t h e i r  f requency  measure- 
merit and a n a l y s i s ,  arid d i s s e m i n a t i o n  o f  t h e  r e s u l t s  i n  t h e  fo rm o f  f requency  c a l i b r a t i o n  t a b l e s .  C u r r e n t  
s t a t u s  o f  t hese  e f f o r t s  i s  desc r ibed .  

I n  t roduc t i on 

Gecause t u n a b l e  l a s e r s  a f f o r d  a r e s o l u t i o n  some 100 t imes  g r e a t e r  t h a n  t h e  accuracy  o f  a v a i l a b l e  c a l i b r a -  
t i o n s ,  a j o i n t  program (between t h e  Time and Frequency D i v i s i o n  i n  NBS Bou lde r  Labs and the  M o l e c u l a r  
Spec t roscopy  D i v i s i o n  i n  NBS, Ga i the rsbu rg )  was i n i t i a t e d  i n  1978 t o  e r e c t  a ne twork  o f  secondary r e f e r e n c e  
s tandards  Nh ich  would p e r m i t  accu ra te  c a l i b r a t i o n  o f  t u n a b l e  l a s e r  spec t ra .  The o b j e c t i v e s  were t o  use t h e  
f requency  measurement c a p a b i l i t i e s  i n  NBS Bou lde r  Labs t o  make p r e c i s e  f requency  measurements on s e l e c t e d  
a b s o r p t i o n  l i n e s  o f  p a r t i c u l a r l y  w e l l  s u i t e d  molecu les  and use t h e  f i t t i n g  and i n t e r p r e t i n g  c a p a b i l i t i e s  i n  
t h e  NBS G a i t h e r s b u r g  Labs t o  de termine c o n s t a n t s  and p r o v i d e  i n t e r p o l a t i o n .  The accuracy  o b j e c t i v e s  were 
an  u n c e r t a i n t y  o f  no g r e a t e r  t han  ?3 MHz. The b e s t  f requency  c a l i b r a t i o n  s tandards  f o r  t u n a b l e  l a s e r  
systems shou ld  s a t i s f y  t h e  f o l l o w i n g  c r i t e r i a :  (1) a b s o r p t i o n  l i n e s  ( r a t h e r  t h a n  l a s e r  o r  em iss ion  l i n e s )  
w i l l  be used; (2)  t h e  abso rb ing  gas must be conven ien t ,  i . e . ,  must be r e a d i l y  o b t a i n e d  and e a s i l y  hand led ;  
(3 )  t h e r e  must be a t  l e a s t  one c a l i b r a t i o n  p o i n t  eve ry  0.5 c m - l  ( a d d i t i o n a l l y ,  seve ra l  nearby  s p e c t r a l  
f e a t u r e s  t o  h e l p  i d e n t i f y  t h e  c a l i b r a t i o n  l i n e  wou ld  be  ex t reme ly  v a l u a b l e )  (4) t h e  l i n e s  must be w e l l  
r e s o l v e d  and f r e e  o f  a c c u r a c y - l i m i t i n g  f i n e  s t r u c t u r e ;  and (5 )  each l i n e  must e i t h e r  be measured a c c u r a t e l y  
o r  e l s e  c a l c u l a t e d  r e l i a b l y  and a c c u r a t e l y .  A l though  no s i n g l e  c a l i b r a n t  can f u l f i l l  t hese  requ i remen ts  
o v e r  t h e  e n t i r e  s p e c t r a l  range,  t h e  requ i remen ts  can be e a s i l y  f u l f i l l e d  i n  s e l e c t e d  s p e c t r a l  r e g i o n s  by  
such l i n e a r  mo lecu les  as OCS and N,O. These two molecu les  cove r  a r a t h e r  l a r g e  r e g i o n  o f  i n t e r e s t  i n  t h e  
500 t o  2300 cmL1 r e g i o n .  Gaps i n  t h e  coverage o f  t hese  two may be p a r t i a l l y  f i l l e d  by  o t h e r  mo lecu les  such 
as CO o r  HCN. Some gaps i n  t h e  OCS coverage a r e  spanned by  DBr, wh ich  has about  1 0  cm- l  gaps between p a i r s  
o f  l i n e s ,  and t h u s  does n o t  meet c r i t e r i a  f o r  t h e  b e s t  s tandards ;  none the less ,  we have i n c l u d e d  i t  i n  o u r  
s tudy  s i n c e  i t  spans a 350 cm’l r e g i o n .  

I n  t h i s  paper ,  we w i l l  dea l  p r i m a r i l y  w i t h  OCS s i n c e  most o f  t he  he terodyne f requency  measurements (HFM) 
f o r  c a l i b r a t i o n  t a b l e s  have been made on t h a t  mo lecu le .  Three d i f f e r e n t  l a b s  have r e c e n t l y  made measure- 
ments on OCS bands a t  9 .4  pm.1-3 Bo th  conven t iona l  t u n a b l e  d iode  l a s e r  (TDL) measurements4 and HFM c o n t r i -  
b u t e  t o  new r e s u l t s  a t  11 .6  pm5’6 and new f requency  measurements on t h e  13C02 l a s e r  were r e q u i r e d  t o  com- 
p l e t e  t ha t  work .7  A g r e a t  many more microwave 
measurements a l s o  c o n t r i b u t e  t o  t h e  r e s u l t s  we desc r ibe .  These a r e  s u f f i c i e n t l y  numerous t h a t  t h e  i n t e r -  
e s t e d  reader  shou ld  c o n s u l t  t h e  o r i g i n a l  r e f e r e n c e s  c i t e d  a t  t h e  end o f  t h i s  paper .  

HFM on OCS have a l s o  been ex tended t o  t h e  5.8 pm r e g i o n . 8  

Tunable d iode  l a s e r  - C$ l a s e r  he terodyne techn iques  

A r e p r e s e n t a t i v e  b l o c k  d iagram f o r  t u n a b l e  d iode  l a s e r  (TDL) - CO, he terodyne measurements i s  shown i n  
F i g .  1. E i t h e r  a l i q u i d  h e l i u m  Dewar o r  a c l o s e d  c y c l e  c o o l e r  was used t o  r e f r i g e r a t e  t h e  TDL. The r a d i a -  
t i o n  f rom t h e  TDL was co l l ima t .ed  by a 5 cm F /1  ZnS p o l y c r y s t a l l i n e  l ens .  O f f - a x i s  p a r a b o l i c  m i r r o r s  were 
used t o  focus  t h e  TDL r a d i a t i o n  on t h e  en t rance  s l i t  (S,) o f  t h e  monochromator and r e c o l l i m a t e  t h e  beam 
a f t e r  i t  emerged f rom t h e  e x i t  s l i t  ( S , ) .  For  genera l  use, t h e  en t rance  s l i t  was r e p l a c e d  w i t h  an a p e r t u r e  
(wh ich  was b lackened and shaped t o  reduce f r i n g e s  due t o  s l i t  r e f l e c t i o n s  f e e d i n g  back t o  t h e  TDL), and 
ano the r  s l i t ,  t y p i c a l l y  500 pm o r  g r e a t e r ,  was used on t h e  o u t p u t .  

The ZnSe beam s p l i t t e r  was used t o  d i v i d e  t h e  p o s t  monochromator c o l l i m a t e d  r a d i a t i o n .  One beam was 
d i r e c t e d  t h r o u g h  a 50 cm l o n g  c e l l  c o n t a i n i n g  DCS and focused on to  a PbSnTe p h o t o v o l t a i c  d e t e c t o r .  The 
o t h e r  beam was s e n t  t h rough  a 1 2 . 5  cm F/5 Ge f o c u s i n g  l e n s  and mixed w i t h  t h e  r e f e r e n c e  CO, l a s e r  beam i n  a 
HgCdTe d e t e c t o r / m i x e r  hav ing  a 300 MHz 3 dB bandwid th .  The d e t e c t o r  was f o l l o w e d  by  a broadband I F  amp l i -  
f i e r  (0.1-1200 MHz) w i t h  25 dB ga in .  The o u t p u t  o f  t h e  a m p l i f i e r  was f e d  t o  a spec t rum a n a l y z e r ,  and t h e  
f requency  o f  t h e  b e a t  s i g n a l  was measured w i t h  a marker  o s c i l l a t o r  and f requency  coun te r .  
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The CO, l a s e r  was s t a b i l i z e d  t o  ?I s a t ~ i r a t e d  a h s o r p t i o n  d i p  i n  CO, (ohserved i n  f l uo rescence)  T h i s  
l a s e r  was s i m i l a r  t o  those  used i n  p r e v i o u s  I R  f requency  s y n t h e s i s  exper iments . '  The e s t i m a t e d  a b s o l u t e  
f r a c t i o n a l  f requency  u n c e r t a i n t y  f o r  t h e  C0, l a s e r  i s  l e s s  t h a n  2 x 10 . lo wh ich  i s  n e g l i g i b l e  compared w i t h  
o t h e r  e r r o r s  i n  these  exper iments .  The CO, l a s e r  was focused o n t o  t h e  d e t e c t o r  w i t h  a 40 cm f o c a l  l e n g t h  
l e n s  p o s i t i o n e d  t o  p roduce a beam w a i s t  a t  t h e  m i x e r  element.  We e s t i m z t e  t h e  CO, l a s e r  power a t  t h e  
d e t e c t o r  t o  be abou t  1 mW. 
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F i g .  1. B l o c k  d iagram o f  scheme f o r  TDL - 1 3 C 0 ,  l a s e r  he terodyne f requency  measurements. 

The f o l l o w i n g  p rocedure  was used t o  m in im ize  t h e  e r r o r  i n  l o c k i n g  t h e  TDL t o  t h e  a b s o r p t i o n  l i n e s  o f  
i n t e r e s t .  A f t e r  t h e  O C S  l i n e  t o  be measured was i d e n t i f i e d ,  t h e  monochromator was t h e n  a d j u s t e d  t o  shape 
t h e  t r a n s m i t t e d  TDL r a d i a t i o n  so t h a t  i t  was n e a r l y  f l a t  over  t h e  f requency  r e g i o n  o f  t h e  t r a n s i t i o n .  
( T h i s  p rocedure  and a f i r s t  d e r i v a t i v e  l o c k  were used i n  l i e u  o f  a t h i r d  d e r i v a t i v e  l o c k . )  The chopper was 
t h e n  removed and t h e  phase d e t e c t o r  r e f e r e n c e  used t o  f requency  modu la te  t h e  TDL. The r e s u l t a n t  f i r s t  
d e r i v a t i v e  s i g n a l  was a p p l i e d  i n  p r o p e r  phase t o  l o c k  t h e  T3L t o  t h e  a b s o r p t i o n  f e a t u r e  o f  i n t e r e s t .  I n  
cases where t h e  TDL mode s lope  made t h e  monochrGmator ad jus tmen t  i m p r a c t i c a l ,  an o f f s e t  v o l t a g e  was used i n  
t h e  servo  l o o p  t o  c o r r e c t  f o r  a background s lope .  F o r  t h e  na r rower  l i n e w i d t h  TDL, a f requency  m o d u l a t i o n  
w i d t h  o f  10 MHz was used. Fo r  TDL w i t h  w i d e r  l i n e w i d t h s ,  a t tempts  were made t o  a v o i d  b roaden ing  t h e  TDL 
l i n e w i d t h  by  f requency  modu la t i on ,  s u b j e c t  t o  t h e  c o n d i t i o n  t h a t  a s u i t a b l e  s i g n a l - t o - n o i s e  r a t i o  (S/N)  
f o r  t h e  d e r i v a t i v e  c o u l d  be ob ta ined .  

A f t e r  t h e  CO, l a s e r  l o c k  was v e r i f i e d ,  a marker  o s c i l l a t o r  was tuned  t o  t h e  c e n t e r  o f  t h e  b e a t  n o t e  and 
s i m u l t a n e o u s l y  f e d  t o  a f requency  c o u n t e r  i n  o r d e r  t o  measure t h e  TDL-CO, l a s e r  d i f f e r e n c e  f requency .  The 
l a s t  s t e p  i s  needed because t h e  b e a t  no tes  observed t h u s  f a r  do n o t  have s u f f i c i e n t  S /N  t o  d r i v e  a f requen-  
c y  c o u n t e r  r e l i a b l y .  The u n c e r t a i n t y  i n  t h e  f requency  measurement i s  t a k e n  t o  be one- ten th  o f  t h e  b e a t  
n o t e  l i n e w i d t h  p l u s  t h e  f requency  between d e r i v a t i v e  extrema d i v i d e d  by  t h e  S/N o f  t h e  l o c k  s i g n a l .  

One s p e c t r a l  r e g i o n  o f  c o n s i d e r a b l e  i n t e r e s t  i s  t h e  850-900 cm-l  r e g i o n  where n i t r i c  a c i d  i n  t h e  atmos- 
phere  can be d e t e c t e d  by  s p e c t r o s c o p i c  techn iques .  S ince  t h e  10'0-00'0 band o f  O C S  can be used t o  c a l j -  
b r a t e  t h i s  spectrum, a s tudy  o f  t h i s  band, as w e l l  as t h e  1 l10-@l1O and 20°0-10'0 bands was made. The 
l a t t e r  two bands p r o v i d e  a d d i t i o n a l  c a l i b r a t i o n  p o i n t s  i n  t h i s  r e g i o n ,  and t h e  R i t z  comb ina t ion  p r i n c i p l e  
p e r m i t s  c a l c u l a t i o n  o f  t h e  20°0-OOoO band f r o m  t h e  20°0-10'0 and 10'0-00'0 band c o n s t a n t s .  

I n  o r d e r  t o  make a reasonab ly  good d e t e r m i n a t i o n  o f  t h e  OCS c o n s t a n t s ,  one wou ld  l i k e  (as a min ima l  
g o a l )  measurements wh ich  span t h e  band c e n t e r  and ex tend  i n  a t  l e a s t  one b ranch  t o  as h i g h  a v a l u e  o f  J as 
p o s s i b l e .  Use o f  t h e  l 3 C O ,  l a s e r  b a r e l y  p e r m i t s  t h i s  goa l  f o r  normal O C S .  Even so, i t  was necessary  t o  
c o n s t r u c t  a new 1 3 C 0 ,  l a s e r  and t o  measure f o r  t h e  f i r s t  t i m e  some h o t  band l a s e r  t r a n s i t i o n s  t o  use as 
r e f e r e n c e  f requenc ies  ac ross  t h e  OCS band c e n t e r .  F i g .  2 shows t h e  o v e r l a p  o f  t h e  13C02 l a s e r  and t h e  11.6 
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jjm O C S  a b s o r p t i o n  band. The v e r t i c a l  1 i n e s  i n d i c a t e  some c l o s e  co inc idences  f o r  p o t e n t i a l  he terodyne 
measurements. The s o l i d  p a r t  o f  t h e  13Cci), l a s e r  cu rve  r e p r e s e n t s  t h e  operab ie  range o f  o u r  1 . 2 5  m s t a b i l -  
i z e d  CO, l a s e r .  When t h e  '"CO, l a s e r  was s t a b i l i z e d ,  i t s  f requency  u n c e r t a i n t y  was l e s s  t h a n  0 .2  MHz, and 
t h u s  t h i s  f requency  u n c e r t a i n t y  was sma l l  compared t o  o t h e r  p o s s i b l e  c o n t r i b u t i o n s  t o  u n c e r t a i n t y  i n  t h e  
OCS f requency  measurements shown i n  Tab le  I .  The dashed p o r t i o n  o f  t h e  c u r v e  r e p r e s e n t s  t h e  ex tended range 
w i t h  an i n i t i a l l y  u n s t a b i l i z e d  2 in h i g h e r  g a i n  l a s e r .  When t h e  2 m l a s e r  i s  used, we e s t i m a t e  t h a t  w i t h  
g r e a t  c a r e  one can tune  i t s  f requency t o  w i t h i n  about  one MHz o f  t h e  l i n e  c e n t e r .  For  t h e  key measurements 
i n v o l v i n g  t h e  P(29)  h o t  band l a s e r  t r a n s i t i o n ,  t h e  2 m l a s e r  was s t a b i l i z e d  w i t h  an e x t e r n a l  a b s o r p t i o n  
c e l l .  The r e s u l t s  of measurements on normal O C S  a r e  shown i n  Tab le  I. 

0 
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I T  I I I I 1  
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OCS MOLECULE 

860 868 876 884 892 900 908 
I I I I I I I 

FREQUENCY, WAVENUMBERS 

F i g .  2. Sketch  o f  f requency  o v e r l a p  o f  13C0, l a s e r  and OCS a b s o r p t i o n  band. 

Tab le  I .  Frequenc ies  o f  11.5 pm Band Carbony l  S u l f i d e  A b s o r p t i o n  L i n e s  Measured by  t h e  Heterodyne Technique. 

V i b r a t i o n a l  Rot.  
T r a n s i t i o n  Trans. 

looo - OOOO 

l o o o  - OOOO 

looo  - OOOO 

l o o o  - OOOO 

l o o o  - OOOO 

l o o o  - OOOO 
l o o o  - OOOO 

1 1 l e o  - Ol leO 

11% - O l + O  

1 1 l e 0  - 0 1 l e o  

11'eo - Ol leO 

l l l f O  - O l l f O  

l l l f O  - O l l f O  
I f  I f  11 0 - 01 0 

ocs - 13c02 Me as u r e d 

Meas. Freq. D i f f .  O C S  Frsq .  0bs . -Ca lc .  
(MHz) (MHz) (MHz) 

+ 7 3 . 0  26 674 291.6 (6.0) 0 . 4  

i 2 7 7 3 . 8  26 566 226.9 (3 .0 )  - 0 . 1  

+ 395.6 26 393 239.6 (2 .0 )  - 0 . 1  

+1362.7 26 218 193.2 (3.0) 0 .0  

+1733.6 25 975 344.4 (2.0) - 1 . 8  

-1668.0 25 847 177 .1  (2 .0 )  1 .5  

-1277.5 25 739 0 1 8 . 1  (2 .0 )  0 .8  

+ 174.0 26 450 485.0 ( 3 . 0 )  0 . 3  

- 628.4 26 034 711.5 (6 .0 )  0 . 2  

- 707.3 25 848 137.8 (2 .0 )  -0 .7  

-1400.2 25 814 164 .2  (2 .0 )  1.1 

+ 820.7  26 036 160.6 (6 .0 )  -1.0 

- 34.5 25 848 810.6 (4 .0 )  -0 .2 

- 841.4 25 814 723.0 (4 .0 )  -1 .9  
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Tab le  I .  Frequenc ies  o f  11. 5 pm Band OCS A b s o r p t i o n  L i n e s  Measured by t h e  Heterodyne Technique ( c o n t . ) .  

ocs - l3co2  Measured 

V i b r a t i o n a l  Rot. Meas. Freq.  O i f f .  OCS Frgq. 0bs. -Calc .  
T r a n s i t i o n  Trans. (MHz) (MHz) (MHz) 

20°0 - l o o o  R(86) + 600.4 26 450 911.4 ( 3 . 0 )  0 . 1  

20'0 - 10°G R(50) + 810.7 26 111 131.5 (4.0)  1 .2  

20°0 - lO00 R(40) + 85.0 26 007 511.5 (4.0)  0 . 0  

Z O O 0  - l o o o  R(73) - 439.6 26 334 336.9 (3.0)  -0 .3  

20°0 - l o o o  ~ ( 3 1 )  - 329.0 25 910 930.4 (6.0)  2 . 3  

20°0 - l o o o  R(16) +2772.1 25 743 067.7 ( 3 . 0 )  -0 .7  

a The e s t i m a t e d  u n c e r t a i n t y  ( 1-0) i n  MHz i s  g i v e n  i n  parentheses.  

Tab le  11. Heterodyne Frequency Measurements o f  Some A b s o r p t i o n  L ines  i n  t h e  1 0 ° O - O O o O  Bands o f  I s o t o p i c  
Species o f  Carbonyl  S u l f i d e  a t  11.6 pm. 

ocs - I3co2  Measured 

M o l e c u l a r  Rot .  Meas. Freq. D i f f .  OCS Freq.  Obs.-Calc.  

Species Trans. (MHz) ( M H Z ) ~  (MHz) 

-2323.0 

+2255.4 

-1602.6 

+ 119.5  

+ 558.0 

+2356.3 

+2869.0 

- 487.2 

- 930.3  

+ 8 3 . 3  

- 338.1  

+ 899.4 

- 548.5 

+ 516.8 

+2349.2 

+1325.4 

-1016.0 

+1108.8 

+1562.4 

i 1 2 5 1 . 4  

-1036.6 

-2947.0 

+1282.6 

26 332 453.5 (4.0)  

26 098 705.9 ( 2 . 0 j  

25 972 008.2 (5.0)  

25 911 378.9  (3 .0 )  

25 849 403.1  (2 .0 )  

25 817 920.7 (2 .0 )  

25 743 164.6 (3.0)  

26 562 965.9 ( 5 . 0 )  

26 391 913.7 (4 .0 )  

26 334 859.8 (6.0)  

26 216 492.4 (3 .0 )  

26 134 476.3 (6.0)  

26 006 878.0 (5 .0 )  

25 974 127.6 (2.0) 

25 8 5 1  194.3 (3 .0 )  

25 816 889.8  (4 .0 )  

25 793 837.4 (6 .0 )  

25 592 036.1  ( 5 . 0 )  

26 036 902.3 (7 .0 )  

25 978 653.6 (4 .0 )  

25 847 808.5 (3.0)  

25 737 348.6 (2 .0 )  

25 592 209.9 (5 .0 )  

0 .5 

- 0 . 5  

0.5 

1.1 

- 2 . 1  

1 . 7  

-0 .3  

1 . 5  

- 0 . 8  

-2 .3  

-1 .7  

0 .5  

3.0 

-0 .2  

1 . 0  

- 1 . 3  

-2 .4  

0 .7  

- 1 . 5  

1.0 

-1 .0  

0 . 4  

- 0 . 4  
- 

a The e s t i m a t e d  u n c e r t a i n t y  ( 2 - o ) i n  Mtiz i s  g i v e n  i n  paren theses  
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S i x e  i s o t o p i c  v a r i a n t s  o f  OCS e x i s t  i n  t a i r l y  l a r g e  n a t t i r a l  abundances f o r  some o f  t h e  spec ies ,  c a l i -  
b r a t i o n  t a b l e s  should a l s o  have t h e  t r a n s i t i o n  f requenc ies  f o r  t h e s e  spec ies  and r e l a t i v e  i n t e n s i t i e s  
p r o p o r t i o n a l  t o  t h e i r  abundances. T h i s  a d d i t i o n a l  i n f o r m a t i o n  p r o v i d e s  a un ique s i g n a t u r e  f o r  each r e g i o n  
o f  t h e  spectrum. The l sCO,  h o t  band l a s e r  was subsequent ly  s t a b i l i z e d  and he terodyne f requency  measure- 
ments were made on seve ra l  o t h e r  spec ies .  Some o f  t nese  r e s u l t s  a r e  shown i n  Tab le  11. 

Tunable d iode  lase r -C0  i a s e r  he terodyne techn iques  

The 20 '~0-00"0 band o f  normal O C S  was de termined i n  p a r t  by t n e  measurements p r e v i o u s l y  d e s c r i b e d  a l o n g  
w i t h  t h e  R i t z  comb ina t ion  p r i n c i p l e .  A d a i t i o n a l  i n f o r m a t i o n  on OCS i s o t o p e s  i n  t h e  20°0-GO"0 band (and 
subsequent c a l c u l a t i o n s  o f  20°0-10u0 band) prompted r e s u r r e c t i o n  o f  i n i t i a l  e f f o r t s  t o  make he terodyne 
f requency  measurements w i t h  a CO l a s e r .  T h i s  i s  more comp l i ca tea  as i s  shown i n  F i g .  3. S ince  t h e  CO 
l a s e r  does n o t  l e n d  i t s e l f  t o  a s t a b i l i z a t i o n  scheme w i t h  t h e  r e q u i r e d  accuracy ,  i t  was necessary  t o  syr i the- 
s i z e  a r e f e r e n c e  f o r  t h e  CO l a s e r  o p e r a t i n g  f requency .  The appara tus  f o r  t h i s  s y n t h e s i s  i n c l u d e d  a me ta i -  
i n s u l a t o r - m e t a l  ( M I M )  d iode ,  two s t a b i l i z e d  CO l a s e r s ,  and an X-band k l y s t r o n .  The r a d i a t i o n  f rom t h e  CO 
l a s e r ,  t h e  two C02 l a s e r s  and t h e  k l y s t r o n  a13 imp inged on the  M I M  d iode.  The bea t  f requency ,  u B ,  which  
propdgated  f rom t h e  MIM d iode  was equal  t o  

vB = uco - (2u l  + mu2 + nu ) ,  (1) 
P W  

where u 
X-band %lI$st.ron, respdic!%ively. 
i n t e g e r s .  The b e a t  s i g n a l ,  t y p i c a l l y  on t h e  o r d e r  o f  100 MHz, was a m p l i f i e d  and d i s p l a y e d  on a spectrum 
a n a l y z e r .  The CO l a s e r  was tuned t o  t h e  m i d p o i n t  between t h e  two f requenc ies  mark ing  t h e  d isappearance o f  
t h e  b e a t  s i g n a l  as t h e  CO l a s e r  was tuned across  i t s  g a i n  bandwidth.  Thus, t h e  measurement i s  a l s o  a 
d e t e r m i n a t i o n  o f  t h e  CO l a s e r  1 i n e  f requency .  

u,, v 2  and u a r e  the  f requenc ies  o f  t h e  CO l a s e r ,  a 1,'3C1602 l a s e r ,  d 12C1602 l a s e r  and an 
The harmonic numbers, Q, in,  and 11, can be e i t h e r  p o s i t i v e  o r  n e g a t i v e  

Reference 8 summarizes some o f  t h e  CO l a s e r  f requenc ies  

) LENS DET $ 2  

L2 4 \ BEAM SPLITTER 

\ MIRROR 

X AXIS 
D R I V E  

OET $ 1  

GERMANIUM 
FABRY PEROT 

d 

L4 

t 
COUNTER 

CO LASER 
~ 

L1 

LO 

STABILIZED C02 LASERS 

I 

MUNOCHROMATOR 

MIM DIODE 

IF SPECTRUM 

F i g .  3 B lock  d iagram o f  scheme f o r  TDL - CO l a s e r  he terodyne f requency  measurements. 
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a l o n g  w i t h  t,he C02 s y n t h e s i s  comb ina t ions  used i n  t h e  measurement. It shou ld  be emphasized, however, t h a t  
t h e  accuracy  o f  t h e  OCS measurement does n o t  depend on l o c a t i n g  t h e  c e n t e r  o f  t h e  CO . l ines  s i n c e  t h e  C O  
l a s e r  f requency  was manua l l y  a d j u s t e d  t o  t h e  measured va lue  g i v e n  i n  Reterence 8 w h i l e  t h e  TDL - CO l a s e r  
f requency  d i f f e r e n c e s  were measured. 

We n o t e  t h a t  t h e  CO l a s e r  f requency  va lues  i n  t h e  l i t e r a t u r e  were t y p i c a l l y  20-30 MHz d i f f e r e n t  f rom o u r  
measured va lues ;  hence o u r  measurements were e s s e n t i a l  i n  a c h i e v i n g  ou r  o b j e c t i v e  o f  o b t a i n i n g  an accuracy  
o f  k 3 MHz f o r  t h e  O C S  f requenc ies .  Even so, we d i d  n o t  always meet t h i s  o b j e c t i v e  f o r  i n d i v i d u a l  measure- 
mfn ts  because o f  t h e  TDL l i n e w i d t h ;  however t h e  d a t a  a l l o w  us t o  c a l c u l a t e  many OCS f requenc ies  w i t h  t h e  
d e s i r e d  accuracy .  

o f  
o f  

The u n c e r t a i n t y  i n  t h e  5 1  THz measurements r e s u l t e d  m a i n l y  f rom t h e  TDL l i n e w i d t h ,  where w i d t h s  o f  t e n s  
MHz were n o t  uncommon. Aga in ,  t h e  numer i ca l  v a l u e  ass igned  t o  t h e  u n c e r t a i n t y  i s  e s s e n t i a l l y  one t e n t h  
t h e  b e a t n o t e  l i n e w i d t h  p l u s  h a l f  t h e  f requency  between d e r i v a t i v e  extrema d i v i d e d  by  t h e  s i g n a l - t o - n o i s e  

r a t i o  o f  t h e  d e r i v a t i v e  s i g n a l .  A much s m a l l e r  c o n t r i b u t i o n  due t o  t h e  f requency  u n c e r t a i n t y  o f  t h e  r e f e r -  
ence l a s e r  i s  a l s o  i n c l u d e d ,  b u t  i t  was never  g r e a t e r  t h a n  0 .2  MHz. R e s u l t s  o f  o u r  f i r s t  he terodyne f r e -  
quency measurements a t  5 1  THz a r e  i n d i c a t e d  i n  Tab le  111. 

Tab le  111. Heterodyne Frequency Measurements Near 5 1  THz o f  t h e  2O00-0Oo0 Band A b s o r p t i o n  L ines  o f  Some 
I s o t o p e s  o f  Carbonyl  S u l f i d e  (OCS) .  

50 564 523.3 ( in .0 ;  

51 QV 798.2  (7.0) 
51 504 4h?.5 (6.0) 
51 719  759.8 ( 7 . 0 )  

5 . '  

-1.: 
? . O  

-3.1 

-4  . ? 

1.0 

-1.: 
- ? . 7  

5.0  
1.1 

A n a l y s i s  and F i t t i n g  Techniques 

A l a r g e  q u a n t i t y  o f  da ta ,  i n  a d d i t i o n  t o  t h e  he terodyne f requency  measurements, was used i n  t h e  f i t t i n g  
process .  We r e s t r i c t  o u r  comments here  t o  OCS. T h i s  i s  a mo lecu le  w i t h  a w e a l t h  o f  microwave measurement 
da ta ,  p a r t i c u l a r l y  f o r  t h e  normal mo lecu le .  G r a t i n g  s p e c t r a  were a v a i l a b l e  f o r  an  ove rv iew ;  however these  
r e s u l t s  were n o t  used i n  t h e  f i t t i n g .  Measurements w i t h  a TDL and an e t a l o n  gave a d d i t i o n a l  i n f o r m a t i o n  on 
s e p a r a t i o n s  between OCS l i n e s .  Once a r e l i a b l e  c a l i b r a t i o n  t a b l e  was e s t a b l i s h e d  f o r  normal O C S ,  i t  Was 
used t o  c a l i b r a t e  TDL s p e c t r a  o f  t h e  i s o t o p e s  of  OCS and t o  p r e d i c t  l i n e  p o s i t i o n s  f o r  subsequent h e t e r o -  
dyne f requency  measurements. A l l  o f  t h e  d a t a  were g i v e n  a w e i g h t  p r o p o r t i o n a l  t o  t h e  i n v e r s e  square O f  t h e  
measurement u n c e r t a i n t y  and t h e n  combined i n  t h e  f i t t i n g  process .  The 20°0-OOoO band was c a l c u l a t e d  from 
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l l ~ G O - O O " O  and 20"0-lOfiL! h o t  band r e s u l t s  and t h e  R i t z  comb ina t i on  p r i n c i p l e .  The l a t e r  h o t  band measure- 
ments spanned J=16 t o  J=86 as shown i n  l a b l e  I .  D i r e c t  20c'0-0090 band measurements shown i n  l a b l e  111 
spanned t h e  band c e n t e r ,  and a l l  t h e  d z t a  were r e t i t .  l h i s  i t e r a t i v e  p rocedure  c u l m i n a t e d  i n  t h e  new 
c o n s t a n t s  used i n  t h e  c a l i b r a t i o n  a t l a s  wh ich  i s  d e s c r i b e d  below. 

I h e  d a t a  t o r  t h e  (1 = 0 s t a t e s  f o r  each i s o t o p i c  spec ies  were combined i n  a l eas t - squares  a n a l y s i s  based 
on t h e  usua l  equa t ions ;  

vohs = vo + F ' ( J ' j  - 

F(J )  = B v J i J + i j  - O v J 2 ( J + l j 7  + H ~ J - ( J + ~ )  , 

F " ( J 1 : j ,  and 

3 - . 3  

where, o f  course ,  v = 0 was a p p r o p r i a t e  f o r  t h e  microwave t r a n s i t i o n s ,  and t h e  H te rm was o n l y  used t o  
f i t  t h e  1';Oi2Cc"2S da ta .  

7 2 2 

For  W = l ,  t h e  f o l l o w i n g  e q u a t i o n  was used i n s t e a d  o f  E q .  (3 ) :  

0 . 5 [ q v J ( J + l j  - qV,]J (J+1) j (41  F(J) = EvJ (J+ l )  - D v [ J ( J + l )  - W ]  

where t h e  upper s i g n  f o r  t h e  l a s t  t e rm a p p l i e s  t o  t h e  f l e v e l s  and t h e  l ower  s i g n  t o  t h e  e l e v e l s  o f  t h e  2- 
d o u b l e t  p a i r .  

The reader, i s  r e f e r r e d  t o  t h e  c a l i b r a t i o n  a t l a s  f o r  t h e  f i n a l  va lues  f o r  t h e  cons tan ts  r e s u l t i n g  f rom 
t t i i s  work.  A l so  i n c l u d e d  i n  t h a t  a t l a s  i s  an a n a l y s i s  o f  t h e  i n t e n s i t i e s  wh ich  i s  o u t s i d e  the  s u b j e c t  o f  
t i i i s  p a r t i c u l a r  paper .  

S t a t u s  and a v a i l a b i l i t y  o f  f requency c a l i b r a t i o n  t a b l e s  

Severd i  mo lecu les  have been s t u d i e d  exLens ive l y  and o t h e r s  have been s t u d i e d  on a l i m i t e d  b a s i s .  We 
1 i s t  t i i e s e  below aiid i n d i c a t e  t h e i r  cuveraye.  

Carbonyl  s u l  f i d e  (iiiul t i b a i i d )  

Tab les  o f  O C S  abso i -p t i on  l i n e s  w i l l  be g i v e n  for- use as f requency  c a l i b r a t i o n  s tandards  i i i  t h e  f o l l o w i n g  
~ e y i o i l s  o f  t l i e  i i i f r d w d :  815-892 C I I I - ~ ,  1008-1092 C I I I - ~ ,  1649-1738 ci i i - ' ,  1850- i921  CIII-~ and 2013-2140 c n i - I .  
TI-ie a b s o r p t i o n  1 i n e  f r -equei ic ies and dpprox imate  i n t e n s i t i e s  a r e  c a l c u l a t e d  f ro i i i  spec t roscop ic  cons tan ts  
whicI i  i i ave  beeii determi t ied  by f i t t i n g  s e l e c t e d  d a t a  frutri t he  1 i t e r a t u w .  T h i s  d a t a  i n c l u d e s  he terodyne 
f i -equency measuremeitis for. a1 1 excep t  t h e  2013-2140 C I ~ I - ~  r e y i o i i .  
mended f requency  s tandards  a r e  on t h e  ovder  o f  1 t o  10 MHz. b o t  band t r a i i s i t i o r i s  and t r a n s i t i o n s  f o r  sollie 
o f  t h e  l e s s  abundant i s o t o p i c  spec ies  a r e  i n c l u d e d  i t - i  t l i e  t a b l e s  i n  o r d e r  t o  p r o v i d e  p a t t e r n s  f o r  t h e  
irnambigirous i d e n t i f i c a t i o n  o f  t h e  l i n e s  as w e l l  as t o  p r o v i d e  a d d i t i o n a l  c a l i b r a t i o n  s tandards  i n  some 
cases. The c a l i b r a t i o n  a t l a s 1 '  c o n t a i n s  ove r  6600 e n t r i e s .  ( P r i o r  t o  p u b l i c a t i o n  o f  t h e  a t l a s ,  coverage 
o f  c e i - t a i n  r e g i o n s  i s  o b t a i n a b l e  by c o i i t a c t i i i g  one of  t h e  a u t h o r s . )  Tab le  IV i n d i c a t e s  t h e  scope o f  t h e  
a t l a s ,  as fat-  as t h e  v a r i o u s  bands and i s o t o p e s  a r e  concei-tied. 

Tab le  IV. 

The u i i c e r t a i n t i e s  o f  inost o f  t h e  recom- 

Lands covered i n  t a b l e s  7 t o  11 o f  t h e  OCS Frequency C a l i b r a t i o n  A t l a s  

-1 )b  Tab le  1) (cm 
0 

I s o t o p e  V i b r a t i o n a l  Banda 

1000-00"0 A 7 16012c325 

1110- O l l e O  

l l ~ O - O O 1 f O  

1220-022e0 

1220-  0z2 0 

2110-l11e0 

2110-l11i0 

16012c34 10"0-00"0 
l l lO-O1leO 

1l10- O l l f  0 

16013c32s lO"3-0o"o 

16012c335 10"0-00"0 
18012c32s 1000- 000 0 

20" 0-  16" 0 

12 00 - 0 2 0 

zouo-1000 

2000-1000 

C 

G 

G 

1 

J 

L 

M 

N 

0 
P 

Q 

116 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

859 

852 

852 

846 

845 

E46 

848 

841  

841  

854 

847 

853 

838 



Tab le  I V .  Bands covered i n  t a b l e s  7 t o  11 o f  t h e  0CS Frequency C a l i b r a t i o n  A t l a s  ( c o n t . )  

-1 )b  I s o t o p e  V i  b r a t i  ona l  Banda Tab le  u (cm 

16012c32s 02"-0000 A 8 1047 

C 

0310-011e0 

0310-011f0 
1053 

1200- 1000 0 8 1033 

F 

0420-022e0 
2 2 f  04 0-02 0 

1058 

04°0-0200 G 8 1058 

0200-0000 H 8 1045 

2000-0000 A 9 1711 

9 1698 2110- Ol leO B )  

16012c34s 

16012c32s 

9 1697 30°0-10"0 D 

2000-0000 E 9 1689 

2000-0000 F 9 1702 

1200-0000 A 10 1892 

10 1892 
1310-11e0 

13'0- 0 l l f  0 

2200-1000 D 10 1872 

1200-0000 E 10 1880 

d o - 0  1lf 0 C I 
16012c34s 

16013c32s 

16012C32s 

16012c34s 

0001-0000 A 11 2062 16012c32s 

04°0-0000 D 11 2105 

a) L e t t e r  denotes v i b r a t i o n a l  band of  a g i v e n  i s o t o p e  i n  t h e  f requency  t a b l e  

b )  These approx imate  band c e n t e r  va lues  a r e  p resen ted  o n l y  t o  i n d i c a t e  t h e  

r e g i o n  covered.  Fo r  t h e  a c t u a l  v a l u e  o f  t h e  band c e n t e r  and t h e  r e f e r e n c e  

f r o m  wh ich  i t  was ob ta ined .  r e f e r  t o  t h e  a t 1 a s . l '  

Deu te r ium bromide (1-0 band),  1630-1985 cm- l  

Heterodyne f requency  measurements have been made on s e l e c t e d  deu te r ium bromide 1-0 band t r a n s i t i o n s  
r a n g i n g  f rom P(20)  t o  R(17). As i n  p r i o r  work,  we measured t h e  d i f f e r e n c e  f requency  b e a t  no tes  between a 
t u n a b l e  d iode  l a s e r  wh ich  was l o c k e d  t o  t h e  OBr a b s o r p t i o n  l i n e s  and a CO l a s e r  wh ich  was e i t h e r  l o c k e d  o r  
a d j u s t e d  t o  a r e f e r e n c e  s y n t h e s i z e d  f rom CO, l a s e r  f requency  s tandards .  The b e a t  n o t e  f requency  was t h e n  
combined w i t h  t h e  CO l a s e r  f requency  t o  g i v e  t h e  DBr f requency .  For- two o f  t h e  measurements, f requency  
doub led  CO, l a s e r  r a d i a t i o n  was s u b s t i t u t e d  f o r  t h e  i o  l a s e r  r a d i a t i o n .  
quadrupo le  s p l i t  t r i p l e t s  c o m p r i s i n g  t h e  R(0)  and P ( 1 )  t r a n s i t i o n s  i n  t h e  D79Br i s o t o p e .  
have been de termined and a t a b l e  o f  f r e q u e n c i e s ,  b e l i e v e d  t o  be a c c u r a t e  t o  3 MHz, i s  a v a i l a b l e . 1 2  
t i o n  between l i n e  p a i r s  ranges f rom abou t  6 cm-l  a t  1980 cm-l  t o  11 cm- l  a t  1630 cm-* hence t h i s  mo lecu le  
has l i m i t e d  u t i l i t y .  I t  does however, span t h e  OCS gap between 1738 and 1850 cm-' and p a r t i a l l y  cove rs  
ano the r  OCS gap between 1 9 2 1  and 2013 cm-'. 

The measurements i n c l u d e d  e l e c t r i c  
New DBr cons tan ts  

Separa- 

Carbon monoxide (2-0 band), 4120-4350 cm- I  

The 2-0 r o - v i b r o n i c  band o f  l2Cl60 has been s t u d i e d  e x t e n s i v e l y  by  F o u r i e r  Trans form Spect roscopy  (FTS) 
techn iques  and has become a w i d e l y  accepted  c a l i b r a t i o n  s tandard .  
l a s e r  (CCL) spec t romete r  have p e r m i t t e d  use o f  an a l t e r n a t e  techn ique  n o t  o n l y  t o  c o n f i r m  these  r e s u l t s ,  
b u t  a l s o  t o  l e a d  t o  an  improved s e t  o f  m o l e c u l a r  c o n s t a n t s .  

C u r r e n t  developments w i t h  a c o l o r  c e n t e r  

A r i n g  c o n f i g u r a t i o n  CCL was l o c k e d  t o  CO 
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a b s o r p t i o n  f e a t u r e s  and i t s  f requency  s im i l l t aneous ly  rreasured r e l a t i v e  t o  C0, l a s e r  f requency  s tandards  by 
h e t e r o d y n i n g  t h e  CCL w i t h  a p p r o p r i a t e  harmonics o f  two COP l ase rs .  About 20 l i n e  c e n t e r  l o c k s  w e r e  made 
u s i n g  a Dopp ler  l i m i t e d  techn ique  and i n v o l v i n g  J va lues  up t o  35. Subsequent ly,  i t  was found p o s s i b l e  t o  
l o c k  t h e  CCL t o  11 l i n e s  by  obse rv ing  t h e  s a t u r a t e d  a b s o r p t i o n  w i t h  a f l uo rescence  techn ique ,  and some o f  
t h e  l ower  J l i n e s  were measured t o  an accuracy  o f  b e t t e r  t h a n  0 . 1  MHz. The d a t a  were combined i r i  a l e a s t  
squares f i t  w i t h  seven unpub l i shed  microwave r e s u l t s  t o  de te rm ine  new cons tan ts  wh ich  a r e  an o r d e r  o f  
magn i tude improved ove r  p r i o r  r e s u l t s .  
much as 15 MHz f rom F T S  techn ique  r e s u l t s  w i l l  be a v a i l a b l e  a t  t h e  t i m e  o f  t h i s  con fe rence . I3  

A new f requency  c a l i b r a t i o n  t a b l e  w i t h  some e n t r i e s  d i f f e r i n g  by  as 

N i t r o u s  o x i d e  (mu l t i band)  

An i n t e r i m  t a b l e  o f  N,O f r equenc ies  c o v e r i n g  522 t o  657 cm-I and 1115 t o  134G cm-1 i s  c u r r e n t l y  i n  
p r i n t . I 4  Heterodyne f requency  measurements were n o t  a v a i l a b l e  when t h e  t a o l e  was comp i led  and n o t  many 
have been p u b l i s h e d  a t  t h i s  t ime .  
a r i a s  s i m i l a r  t o  t h a t  f o r  OCS. 
t h i s  autumn. 

Our n e x t  o b j e c t i v e ,  however, i s  t o  comp i le  a new N,0 f requency  c a l i b r a t i o n  
Most phases o f  p r e p a r a t i o n  a r e  comple ted  and we expec t  t o  s t a r t  measurements 
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